for example, by bolus loading of OGB-1 to a final concentration of 10-60 μM 3 or by expressing GECIs at 10 μM or more using a viral expression system 4 , was necessary to improve the signal-to-noise ratio. However, it is not always possible to load large amounts of indicator: non-animal cells are often impermeant to indicators conjugated to acetoxymethyl esters 7, 8 , and general transgenic approaches result in low GECI expression 4 . Furthermore, some cells are estimated to have a very low resting [Ca 2+ ] (for example, 30 nM for Drosophila melanogaster larval presynaptic motoneuron boutons) 9 and display very small [Ca 2+ ] transients, below the detection limit of low-affinity indicators, in response to action potentials.
the protein with the '+4' linker (Gly-Gly-Gly-Ser; YC-Nano30) had a K d of 30 nM. Yellow cameleon proteins with a five-to eight-aminoacid linker also had higher affinity than YC2.60. The protein with the '+5' linker (Gly-Gly-Gly-Gly-Ser; YC-Nano15) had the lowest K d (15 nM); to our knowledge, this indicator had the highest affinity of any GECI reported so far 11 (Fig. 1b, Supplementary Table 1 and Supplementary Fig. 1 ). Linker elongation was also effective for increasing the Ca 2+ affinity of YC3.60, yielding YC-Nano140 ('+4' linker, Gly-Gly-Gly-Ser; K d = 140 nM) and YC-Nano65 ('+5' linker, Gly-Gly-Gly-Gly-Ser; K d = 65 nM) (Fig. 1b, Supplementary  Fig. 1 and Supplementary Table 1) .
Kinetic measurement by stopped-flow fluorometry of YC-Nano140 and YC3.60 revealed that only the rate constant for the 'on' reaction was increased, and the rate of the 'off ' reaction remained unchanged ( Supplementary Fig. 2 ), suggesting that linker elongation accelerated the Ca 2+ -induced conformational change of CaM-M13, which might be sterically restricted by the shorter linker (Supplementary Note 2). Despite their increased Ca 2+ affinity, these indicators maintained a large dynamic range (1,250-1,450%) of YC3.60 and YC2.60 (Supplementary Table 1 ), which was achieved by an exceptionally high FRET efficiency (Supplementary Fig. 3) .
To test the capacity of YC-Nano to detecting subtle [Ca 2+ ] changes in living cells, we used the social amoeba Dictyostelium discoideum. These cells exhibit Ca 2+ transients when stimulated with a chemoattractant molecule, such as cAMP 7 . Because cAMP is also synthesized by the amoeba cells in the aggregation stage, we compared the range of [Ca 2+ ] change in response to both exogenous and endogenous stimuli. We obtained cells stably expressing YC2.60 or YC-Nano15 under the control of the Dictyostelium Actin15 promoter. The morphology, growth rate and developmental time-course of these cells were unaffected, suggesting that the indicators were not toxic under these experimental conditions ( Supplementary Fig. 4) .
Stimulating YC-expressing Dictyostlium with 10 μM cAMP yielded large FRET signal changes, assessed by ratiometric widefield imaging of aggregation-competent cells (Fig. 1c) . The yellow to cyan fluorescence ratio (R) for the YC-Nano15-and YC2.60-expressing cells changed from 5.0 to 9.5 (ΔR = 4.5) and 2.0 to 6.2 (ΔR = 4.2), respectively. We next determined the amplitude of the Ca 2+ transients associated with endogenous cAMP signaling, whose spatiotemporal pattern had not been directly visualized by conventional Ca 2+ indicators. In response to stresses such as nutrient starvation, Dictyostelium cells started to aggregate by a cooperative self-organized process, in which propagating waves are established by the repeated synthesis and intercellular relay of cAMP at 6-10-min intervals. Under these conditions, YC-Nano15 showed a clear change in the FRET signal (ΔR = 2.5), whereas that of YC2.60 was almost undetectable (ΔR = 0.2) (Fig. 1d and Supplementary Video 1), indicating that YC-Nano15, unlike YC2.60, is useful for detecting the small [Ca 2+ ] transients in response to endogenous intercellular signals.
The increased signal strength achieved by optimizing the K d also allowed us to perform Ca 2+ imaging on a large spatial scale. The field of view for imaging could be expanded to a millimeter-sized network that included 100,000 Dictyostelium cells, in which the aggregation wave was clearly visible as a rotating spiral ( Supplementary Fig. 5 and Supplementary Video 2; ΔR YC-Nano15 = 0.6), indicating that YC-Nano15, unlike YC2.60, was useful for detecting multicellular network To test YC-Nano performance in a neuronal system (Supplementary Note 3 and Supplementary Fig. 7) , we examined its sensitivity to a subtle Ca 2+ transient triggered by a single action potential. We introduced YC-Nano15 and YC3.60 cDNAs into mouse brain on embryonic day 14 using an adenovirus vector and expressed under the control of the CAG promoter. We injected current pulses into the soma of whole-cell-patched layer 2/3 pyramidal neurons (acute slices prepared on postnatal day 15-19 (P15-P19)) and detected the FRET signal change at an apical dendrite by two-photon microscopy. To correlate the number of action potentials and FRET signal changes, we elicited a series of current-triggered trains of 1, 2, 5 or 10 action potentials at a frequency of 20 Hz (Fig. 2a) . For a single action potential the maximal ratio change (ΔR/R 0 ) for YC-Nano15 was almost double that for YC3.60, but this difference decreased as the number of action potentials increased. We also detected this FRET signal change in the same acute-slice preparation from P72 mice, suggesting that YC-Nano15 could be chronically expressed without serious side effects under these experimental conditions (Supplementary Table 2 and Supplementary Fig. 7) . But YC-Nano15 was not suitable for the detection of the large Ca 2+ transients triggered by high-frequency stimulus, owing to signal saturation and slow decay time (3-4 s) (Fig. 2b,c) .
We also tested YC-Nano performance in the developing zebrafish embryo, which twitches spontaneously (Supplementary  Video 4) . We injected purified YC3.60 and YC-Nano50 proteins into fertilized eggs (Fig. 3 and Supplementary Note 4) and measured the FRET signal change in neuron and muscle populations 20 h later, using conventional confocal microscopy. In embryos loaded with YC3.60, we detected an almost identical baseline FRET signal (R 0 = 2.3) in all cell types (Fig. 3) . In contrast, YC-Nano50 showed basal ratios, in order from highest to lowest in the epidermis, motor neurons, and fast and slow muscles, suggesting the possibility that these cells have different resting Ca 2+ levels that cannot be detected with a low-affinity indicator. Furthermore, in addition to the large FRET signal change in the motor neurons and fast muscle detected by both sensors, only YC-Nano50 detected the subtle FRET signal change in slow muscle. This result demonstrated that the newly developed indicators are useful for detecting the spatiotemporal patterns of in vivo cellular activities, including subtle Ca 2+ transients at low concentrations (Supplementary Videos 5 and 6 and Supplementary Note 5).
The YC-Nano ultrasensitive Ca 2+ indicators can detect the subtle Ca 2+ transients associated with spontaneous network activity and reveal cell-type-dependent and stimulation-dependent differences in both the resting Ca 2+ level and the amplitude of Ca 2+ transients. This indicates that the selection of indicators with an appropriate K d is essential for in vivo Ca 2+ imaging, and indicators with finely tuned K d values optimized to detect [Ca 2+ ] from 10 nM to 100 nM would enable precise and reliable Ca 2+ imaging, even in large-scale cellular networks. methods Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemethods/. Accession codes. GenBank, EMBL Nucleotide Sequence Database and DNA Databank of Japan: GU071083, GU071084, GU071085, HM145948 and HM145949 (nucleotide sequences encoding YC-Nano15, YC-Nano30, YC-Nano50, YC-Nano65 and YC-Nano140, respectively). In vitro Ca 2+ titration. The emission spectra of the recombinant YC variants at 0.3 μM were measured by excitation at 430 nm using an F-2500 fluorescence spectrophotometer (Hitachi). Ca 2+ titrations were performed by the reciprocal dilution of Ca 2+ -saturated and Ca 2+ -free buffers containing MOPS (10 mM), KCl (100 mM) and EGTA (10 mM) or EDTA-OH (10 mM) with or without 10 mM Ca 2+ added as CaCO 3 at pH 7.2, room temperature (23-25 °C) 16 . The final concentration of free Ca 2+ in reciprocally diluted solutions (24 solutions between 1.4 nM and 3 mM) was precisely determined individually using a Ca 2+ -sensitive electrode (Metrohm) 17 , which was calibrated with standard Ca 2+ solutions purchased from Orion Research. The averaged data from three independent measurements was fitted to the Hill equation in a two-site model using Origin7 (OriginLab). To determine the FRET efficiency, 0.3 μM YC-Nano15 digested with proteinase K (final concentration 1 μg ml −1 ) for 2 h at 37 °C in the presence or absence of Ca 2+ was also subjected to the spectrum measurement.
Kinetic measurement. Measurements of the Ca 2+ -binding kinetics of YC were performed as described previously 13, 18 . Briefly, a stopped-flow photometry system consisting of an RX.2000 rapid mixing stopped-flow unit (Leatherhead) and FP-750 spectrophotometer (JASCO) were used. The time course of the yellow fluorescence emission change (excited with 430 nm) from Ca 2+ -free to a predetermined Ca 2+ concentration was measured at 1,000 Hz. The time constants for the 'on' reaction were calculated by performing curve fitting for a single exponential equation. The association and dissociation rate constants (k on and k off ) were determined by fitting the data to the equation k obs = k on [Ca 2+ ] + k off .
Culture and imaging of D. discoideum. YC variants were expressed in Ax2 cells under the control of the Actin15 promoter. Briefly, the cells were electroporated with pBig expression vectors 19 and transformants were selected in HL5 medium containing 10 μg ml −1 G418 (Invitrogen). To initiate the self-organized aggregation, 10 8 cells were starved in development buffer (5 mM MES, 5 mM CaCl 2 and 5 mM MgCl 2 , pH 6.5) at 10 7 cells ml −1 . For smaller-scale observation, aggregation-competent cells suspended in development buffer were plated on a glass-bottom dish (10 5 cell cm −2 ) and imaged with a widefield epifluorescence inverted microscope (TE2000, Nikon) equipped with 10× objectives (PlanApo, numerical aperture (NA) 0.45; Nikon). The samples were illuminated with a 100-W mercury arc-lamp through 6.25% and 12.5% neutral density filters and a 438/20 excitation filter (Semrock). The fluorescence signals were split into two channels using the W-view system (Hamamatsu) to detect the donor cyan fluorescence and acceptor yellow fluorescence signals simultaneously through 480AF30 and 535DF25 interference filters (Omega), respectively, using an electron-multiplying chargecoupled device (EM-CCD) camera (ImagEM, Hamamatsu), every 3 s. For the large-scale observations, starved cells (2.5 × 10 6 cell cm −2 ) were plated on a glass-bottom dish covered with a thin agarose layer and were imaged with 4× objectives (PlanApo, NA 0.2; Nikon). The cyan and yellow fluorescence signals were sequentially captured every 15 s by using an emission filter changer (Ludl Electronic Products). The doubling time was determined for the suspension culture in 20 ml of HL5 containing G418 (10 μg ml −1 ) shaken at 135 r.p.m.
Expression of YCs in neocortical layer 2/3 pyramidal neurons.
YC3.60 and YC-Nano15 were subcloned into a cosmid vector carrying the CAG promoter (cytomegalovirus enhancer and β-actin promoter), woodchuck hepatitis virus post-transcriptional regulatory element and bovine growth hormone polyadenylation signal. The BspT104I-digested cosmid DNA was transfected into human embryonic kidney 293 cells (kindly provided by the Cell Resource Center for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku University), and recombinant adenovirus was generated by the full-length DNA transfer method 20, 21 . Purified recombinant adenovirus was injected into the lateral ventricle of ICR mice on embryonic day 14 (Supplementary Note 3).
Electrophysiology and Ca 2+ imaging in acute brain slice. All experimental procedures were performed in accordance with the guidelines of the Animal Experiment Committee of the RIKEN Brain Science Institute. Mice were decapitated after ether anesthesia, and oblique parasagittal slices (300 μm) were prepared on postnatal day 15 or later, as described previously 22 . Whole-cell patch-clamp recording from the layer 2/3 pyramidal neurons was performed at 31-35 °C. The patch pipettes were filled with the internal solution containing 140 mM K-gluconate, 4 mM NaCl, 10 mM HEPES, 4 mM Mg-ATP, 0.3 mM Na-GTP and 5 mM Na 2 -phosphocreatine (pH 7.3 titrated with KOH, 285-295 mOsm). Slices were perfused at ~2 ml min −1 with artificial cerebral spinal fluid (ACSF) containing 125 mM NaCl, 2.5 mM KCl, 25 mM NaHCO 3 , 25 mM D-glucose, 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 and 1 mM MgCl 2 . ACSF was constantly bubbled with carbogen. Action potentials were elicited by brief somatic current pulses (1-3 nA, 2 ms). Electrophysiological signals were acquired with a MultiClamp 700B (Molecular Devices) and AxoGraphX software (AxoGraph Scientific).
CFP and yellow fluorescent protein emission was acquired in line-scan mode (approximately 200 Hz) with a two-photon
